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ABSTRACT

Production of composite structures by liquid composite molding is preceded by numerical modeling of
the impregnation process to predict various parameters based on the permeability of reinforcement as
the key input parameter. X-ray computed tomography (XCT) combined with computer simulations is a
very effective and flexible technique for characterization of material permeability virtually. Although
the XCT based virtual permeability method is robust, but it is limited by computation power hence
restricted to a comparatively small computational sample which could be non-representative. In this
research, an efficient methodology based on the cell approach to calculate virtual permeability of fibrous
reinforcement based on micro XCT segmented images is presented and discussed. The 3D model was
generated from the stack of XCT images, followed by the division of the model into several smaller
domains, called cells, as consecutive and parallel (CaP) cells. The local permeability of each CaP cell
was computed with the commercial computational fluid dynamics tool. The obtained permeability
values were statistically processed considering each CaP cell, resulting in the global permeability value,
and compared with the literature data and analytical predictions. The uniformity in the fiber distribution
is assessed for each CaP cell and its effect on the local permeability is also discussed. A methodology
for processing XCT segmented image of fiber reinforced composite laminate is assessed and
successfully used to evaluate the uniformity of fiber distribution and its intra-tow virtual permeability.

ACRONYMS

3D Three-dimensional

CaP Consecutive and parallel

CFD Computational fluid dynamics

FEM Finite element method

GE model Gebart-Endruweit model

IVPB International Virtual Permeability Benchmark
LCM Liquid composite molding

RTM Resin transfer molding

VI Vacuum infusion

1 INTRODUCTION

Liquid composite molding (LCM) process is widely used in the production of fiber-reinforced
composite materials. In the LCM process, the dry fabric-reinforcement is placed in the pre-designed
mold as per the design requirement, followed by impregnation of dry fabric with a thermoset polymer.
The transfer and impregnation of thermoset polymer can be achieved by application of positive or
negative operating pressure. For instance, in resin transfer molding (RTM), a positive operating pressure
is used to push the thermoset polymer into the dry fabric-reinforcement. Whereas, in vacuum infusion
(VI), a negative operating pressure is used to pull the thermoset polymer into the dry fabric-
reinforcement. In the LCM process, it is crucial to impregnate the whole dry fabric-reinforcement
without any dry spots in fastest possible time for economical reason. For such reason, the filling
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simulation is performed before the manufacturing to understand and measure the fill time, identify flow
fronts, paths and possible dry spots, optimize the number, dimension, and placement of inlets and outlets,
optimize impregnation pressure and monitor temperature rise as the thermoset is mixed with its hardener
which could trigger the polymerization, followed by viscosity change [1]. The dry fabric-reinforcement
has micro-channels; and simulation of thermoset polymer flow through such reinforcement is governed
by Darcy’s law given as,
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Equation (1) can be further re-arranged to get the permeability as,
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where v is the volume flow rate per unit area [m/s], K is the permeability [m?], VP is pressure gradient
[Pa/m], wis viscosity of fluid [Pa. s], m is mass flow rate [Kg/s], L is length [m], A is cross sectional
area [m?], and AP is pressure difference [Pa].

The permeability of the fabric-reinforcement is an important parameter to simulate the thermoset
polymer flow in the reinforcement. There are several methods to determine the permeability of
reinforcement, like the experimental method, which is complicated, time-consuming, expensive, and
laborious. Similarly, existing numerical modeling methods rely on the simplistic geometric
representations of the reinforcements, which are insufficient to account for the actual fiber topologies,
misalignment, their compaction and nesting effect. The analytical models like Gebart’s model [2] and
Endruweit's model [3] consider only for various standard fiber placement distribution and arrangement.
Another analytical model developed by modifying the constants of Gebart’s model for carbon fiber is
the Gebart-Endruweit (GE) model [4]. GE model exists only for carbon fiber and is not developed for
glass fiber. There is a lack of robust analytical model that can predict the permeability of realistic random
arrangement of fibers. These limitations are extensively addressed in the virtual permeability
measurement method in which X-ray computed tomography (XCT) combined with computer
simulations are used. It is a very effective and flexible technique for characterization of material
permeability [5,6]. The permeability of reinforcements can be computed from the XCT images of a
single sample, saving time, labor, and cost. The actual fiber topologies, misalignment, compaction, and
nesting effects are also considered in this method. Although the virtual permeability method is robust
but it is limited by computational power hence permeability is computed for a small sample which could
be non-representative. For instance, it was impossible to load the 3D model (detailed in Section 2) used
in this study on a desktop with Intel® Xeon® CPU E5-2630B4 @2.20GHz configuration.

In this research, we present a methodology to speed up the computational process of virtual
permeability of composite laminates. This method begins by generating the 3D computational model
from the stack of XCT images, followed by the division of the model into several smaller domains,
named further cells, as consecutive and parallel (CaP) cells. The local permeability of each CaP cell is
computed with the commercial computational fluid dynamics (CFD) tool. The obtained permeability
values are statistically processed considering individual CaP cell values, resulting in the global
permeability. This method was implemented to assess microscale fiber bundle intra-tow permeability
during the first International Virtual Permeability Benchmark (IVPB) exercise [7,8]. The method of cells
has been successfully used for characterization of mechanical properties of reinforcing textiles [5,9].
The focus of this study is to present the details of the methodology developed during the IVPB exercise
by our group. Compared to the conventional method, this method provides an opportunity for faster
computation and, most importantly, the possibility to handle samples of size larger than allowed by
computational resources, thereby removing the restrictions on the required computer hardware or sample
size.

2 MATERIALS AND METHODOLOGY
The XCT image of glass fiber tow was extracted from the X-ray tomographic scan of the twill-weave
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glass fiber-reinforced composite and provided by the organizer of IVPB exercise. The scans are
available on the repository at https://doi.org/10.5281/zen0d0.6611926 (fiber diameter: 9 um, scan
volume: 1023*124*973 um, voxel size: 0.521 pm, ~ 400 fibers in plane, fiber volume fraction: ~ 54-
59%) and the details on the image segmentations can be found in Ref. [8].

The segmented XCT images were used to generate the 3D model using in-house developed
MATLAB™ script. The generated 3D model was divided into 16 CaP cells, labelled as 11... 44, as
shown in Figure 1. Each of the 16 CaP cells was imported to ANSYS™ for generation of finite elements
model, followed by mesh generation and fluid flow modeling.
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Figure 1. Schematic diagram of 3D model generation, division into CaP cells, and finite element
model for fluid flow modeling.

Fluid flow modeling was performed in ANSYS™ CFX to analyze the mass-transport properties and
compute permeability for each CaP cell independently. The conservation of mass equation (3) for
incompressible fluid and Navier-Strokes equation (4) and were considered for fluid flow simulation as,
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where u is the velocity [m/s], p is the density of fluid [Kg/m?3], f denotes body force [N] (in our
case f = 0), t istime [s], and P is pressure [Pa].

Two opposite faces of the CaP cell were assigned as inlet and outlet with the applied pressure values.
The remaining four faces were assigned as symmetric boundary conditions and a no-slip condition was
assigned to the fluid-solid interface. The governing equations (Equations 3, 4) were solved for the fluid
domain to obtain the mass flow rate at the outlet with a residual of 10-° as the convergence criterion. The
obtained mass flow rate was considered to calculate the permeability of each CaP cell (Equation 2) in
three principle directions, providing the local permeability and fiber volume fraction of 16 CaP cells.
These permeability values were converted to compute the permeability for the global 3D realistic model
as per Equation (5... 10). The schematic of this conversion is shown in Figure 2.
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Figure 2. Schematic diagram for converting CaP cells permeability into global permeability

3 RESULTS

The mass flow rates obtained after fluid flow simulation for each of the 16 CaP cells are considered
to compute the local permeability. Similarly, the local fiber volume fraction is estimated, considering
the volume occupied by the fluid to the total volume of a CaP cell. All 16 local permeability and fiber
volume fractions are plotted in Figure 3. The global value of permeability is computed based on these
local permeability values and also plotted in Figure 3 for comparison. The global fiber volume fraction
is estimated from the global 3D model, considering the volume of fluid to the volume of the global 3D
model. Similarly, the permeability of the 3D model was also predicted by the GE model [4] and plotted,
as shown in Figure 3, for comparison. It is worth to note that the constants in the GE model [4] are only
measured and defined for carbon fiber-reinforced composite but not available for glass fiber-reinforced
composite. The constants measured for carbon fiber-reinforced composite are considered here for
comparison.

The comparison of the global permeability with the mean values reported in the IVPB exercise for
the cluster of the most relevant results and GE model predictions as plotted, as shown in Figure 3, shows
a matching trend for permeability calculated along the fiber direction. For the transverse direction, the
value calculated by this methodology matches perfectly with the IVPB exercise value; however, the
values predicted by the GE model are much lower. The order of values predicted by the GE model
matches with the transverse permeability results of this research and the IVPB exercise result, but the
constant value differs by as much as 5x for K,,, and 2x for K.

Figure 3 shows a clear trend of a monotonic decrease in the fiber volume fraction from CaP cell #11
to CaP cell #44, with an abrupt drop when transiting from CaP cell #42 to CaP cell #44. It is also evident
from the 3D model demonstrated in Figure 1, where it can be seen that CaP cell #44 has low density of
fibers with comparatively higher areas for epoxy, decreasing the overall fiber volume fraction to its
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lowest value of 46.96% amongst the 16 CaP cells. Evidently, it results in the highest value of
permeability for all 3 principle components. In contrast, the highest fiber volume fraction of 60.94% is
noted in CaP cell #11 and lowest values of permeability for all 3 principle components are computed
for the same CaP cell #11.

The pressure and velocity contour obtained after fluid flow simulation for CaP cell #41, as discussed
in Figure 1, is presented in Figure 4 along three principle axes. A pressure of 1 Pascal and 0 Pascal was
applied as inlet and outlet boundary condition as evident from pressure contours, as shown in Figure 4a,
c and e. The interesting micro-channel flows can be observed in the velocity contours with zero velocity
at the solid-fluid interacting location because of no-slip boundary condition. There are several micro-
channel flows along the X-axis compared to the ones along the Y-axis and Z-axis, as shown in Figure
4b, d, and f because of comparatively larger gaps along the X-axis of the 3D model. The maximal
velocity observed in the micro-channel flow for the pressure difference of 1 Pascal is 1.08 mm/s, 1.18
mm/s, and 4.90 mm/s along X, Y, and Z-axis, respectively, as shown in Figure 4.
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Figure 3. Virtual permeability of different CaP cells (local permeability values) in comparison
with permeability of the global model, I\VPB exercise and GE model prediction. Variation in fiber
volume fraction in local and global model is plotted in secondary axis.
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Figure 4. Pressure contour [(a), (c), and (e)] and velocity contour [(b), (d), and (f)] along X, Y and Z
axis respectively for CaP cell #41 as shown in Figure 1. Fiber direction is along the Z axis.

4 CONCLUSIONS

The methodology to speed the computation process of virtual permeability of microscale fiber bundle
in the composite laminates based on their segmented XCT images is demonstrated. The obtained results
are validated by the published literature and analytical predictions, followed by a discussion of errors.
Compared to the conventional virtual permeability method, which is limited by the computational
resource or size of computational domain, this method provides an opportunity to handle larger sample
size than allowed by computational resources, thereby removing the restrictions on the required
computer hardware or sample size. Similarly, loading the segmented XCT image data becomes faster,
the computation becomes faster as the overall size of the computational domain decreases.
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